Fig. 1. Microstructure of AlCu4Mg1 aluminium alloy, magnification 500x
Specimens with rectangular cross-sections for bending (area 60 mm 2 ) and bending with torsion (area 64 mm 2 ) and dimensions: length l = 110 (90) mm, height w = 16 (10) mm and thickness g = 4 (8) mm were tested (see Fig. 2 ). Each specimen had an external unilateral notch with depth 2 mm and radius ρ = 0.2 mm. The notches in the specimens were cut with a milling cutter and their surfaces were polished after grinding. Chemical composition and some mechanical properties of the tested aluminium alloy are given in Tables 1 and 2 . The critical value of the integral for AlCu4Mg1 aluminium alloy is J Ic = 0.026 MPa⋅m (ASTM E1820-99). Strain-based fatigue curves are shown in Fig. 3 , where elastic and plastic components are given too. As usual, such curves have been described by a linear law in a www.intechopen.com : the cyclic strength coefficient K′, the cyclic strain hardening exponent n′, fatigue strength coefficient σ f ′, fatigue ductility coefficient ε f ′, fatigue strength exponent b, fatigue ductility exponent c (Table 3) . After the analysis of axial cyclic stress-strain curves, it was concluded that AlCu4Mg1 aluminium alloy is cyclically hardening material during fatigue tests. Table 3 . Fatigue properties of the AlCu4Mg1 aluminium alloy
Fatigue testing
Fatigue tests were performed in the low cycle fatigue (LCF) and high cycle fatigue regimes (HCF) under the load ratio R = M min / M max = -1, -0.5, 0. The tests were carried out under controlled loading from the crack occurrence to the specimen fracture. Starting point of crack initiation at notch root was observed on side of the specimen. The tests were performed on a fatigue test stand MZGS-100 (Rozumek & Macha, 2006) where the ratio of torsion moment to bending moment was M T (t) / M B (t) = tanα, where α = 30°, 45° and 60°
( where: 1 -bed, 2 -rotational head with a holder, 3 -specimen, 4 -holder, 5 -lever (effective length = 0.2 m), 6 -motor, 7 -rotating disk, 8 -unbalanced mass, 9 -flat springs, 10 -driving belt, 11 -spring actuator, 12 -spring, 13 -hydraulic connector. generated by forces on the arms 0.2 m in length. When α = 0° we have pure bending; for α = 90° we obtain pure torsion. Shearing force on a fatigue test stand MZGS-100 coming from bending takes very small values, below 2% of the maximum moment. The fatigue test stand MZGS-100 ( Fig. 4a ) consist of power unit, control unit and loading unit. Loading unit consists of cyclic and static loading. Cyclic loading is obtained by vertical movements of the lever. Static loading is obtained by a spring pressure. Crack development was observed on the specimen surface with the optical method. The fatigue crack increments were measured with a digital micrometer located in the portable microscope with magnification of 25 times and accuracy of 0.01 mm. At the same time, a number of loading cycles N was written down. Under bending with torsion, dimension "a" of the crack growth was defined as increments of length and angle α 1 (Fig. 12 ) of the crack measured on the specimen side surface.
Microstructure and fatigue crack path in AlCu4Mg1
Fig . 5 shows the surface of the specimen made of AlCu4Mg1 aluminium alloy, tested under loading M a = 15.6 N⋅m corresponding to the nominal stress amplitude to the crack initiation σ a = 104 MPa and the stress ratio R = -0.5 after N f = 49000 cycles. Different magnifications
were selected in such a way that they present a path of the main crack, about 3 mm in length. Fig. 5b presents the final history of the crack about 250 μm in length, cut off from Fig.  5a and magnified in order to analyse the crack development. In AlCu4Mg1 aluminium alloy transcrystalline microcracks can be seen in grains of phase α, in the axial section of the specimen (see Fig. 5b ). The main characteristics of long cracks development is their regularity of propagation and orientation. There are no short cracks, some or several μm in length, deflecting from the main crack, which we can observe, for example, in titanium alloys. The forming faults from the main crack can be seen, which run according to directions of phases Al 2 CuMg (almost perpendicularly to the loading applied), and next they go into the phase α. On the fractures we can observe usually transcrystalline cracks through grains of the phase α, but also cracks along the grain boundaries can be noticed. The main cracks developed on the planes of maximum shear stresses. In the considered material we have mixed cracking, i.e. brittle and plastic. In Fig. 5b we can observe both kinds of cracking near the main crack, i.e. pits of different size, typical for plastic cracking, and cracks along the grain boundaries typical for brittle fractures.
Stress distribution
If the specimen is both bended by moment M B and twisted by moment M T (Fig. 4b ), then in a given rectangular cross-section normal stresses form under the influence of bending and the shear stresses result from torsion (Rozumek & Macha, 2009 ). The normal stresses change from zero in the neutral axis to the maximum value De Saint-Venant worked on the problem of stress distribution under torsion. He found that stresses were equal to zero inside and in the corners of the bar, and they were the biggest in the centers of square sides (longer sides of the rectangle). In the specimen under torsion, cross-sections do not remain plane but are subjected to deformation or the so-called deplanation. If torsion is unfree (as in the presented case), then shear and normal stresses occur induced by torsion. In the presented case, the normal stresses were about three times bigger than shear stresses (due to the occurrence of the notch in the plane of their action). Under simultaneous action of the two moments, M B and M T , the most dangerous stress state forms in the planes most distant from both the neutral axes of the specimen ( 
ΔJ parameter criterion
In the case of mixed mode I and III, the range of the equivalent parameter ΔJ was assumed as the sum of ΔJ I and ΔJ III III I eq
The ΔJ-integral range for mode I and mode III is calculated from ( )
where the first term of Eqs. (2) and (3) concerns the linear-elastic range, and the other term refers to the elastic-plastic range, a -crack length, E -Young's modulus, ν -Poisson's ratio, Δσ, Δτ -ranges of stresses under bending and torsion in the near crack tip, respectively, Δε p , Δγ p -ranges of plastic strains under bending and torsion in the near crack tip, respectively. The stress intensity factors ranges ΔK l for mode I and ΔK III for mode III were calculated from
according to (Harris, 1967) and (Chell & Girvan, 1978) , for mode I and mode III the correction coefficients are
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Experimental results and discussion

Finite and boundary element model
Stresses and strains in the elastic-plastic ranges were calculated with use of the finite element method (FRANC2D software) for bending and the boundary element method (FRANC3D software) for bending with torsion. A specimen model was built and divided into finite elements with the use of CASCA graphic processor, which was integrated with FRANC2D software. Each of these areas was covered with a net of finite elements. Fig. 7a shows the division of the area around the crack into finite elements. In the model, six-nodal triangular elements were applied; the triangles were of different dimensions. The geometrical model of the specimen was created using OSM software, with the boundary element mesh generated in the FRANC3D software. The programs include the nonlinear physical Ramberg-Osgood curve of cyclic strain of the material tested. It was decided that calculations would be based on incremental elastic-plastic analysis including the kinematic model of material hardening. Having made the specimen outline, segments were divided and closed areas were defined. A boundary element mesh was put on each area. The programs design the mesh automatically. The calculations were performed for a twodimensional and three-dimensional models of the notched specimens. Figure 7b shows division of the notch region into boundary elements. The model shown in Fig. 7b includes ten-node elements being tetrahedral (the model including 1354 triangular elements). Loading values assumed for calculations were the same as those applied in the experiments. Magnitude and shapes of boundary elements depend on division of intervals closing a given area. The greatest mesh concentration occurs in the area of the crack development (Fig. 7) .
(a) (b) Fig. 7 . Division of the notch region into finite and boundary elements in the software (a) FRANC2D, (b) FRANC3D
Next, one end of the specimen is restrained (thus taking away the degrees of freedom from the nodes of specimen model) and it is fixed in direction of axes x, y and z. In order to perform numerical calculations, it is necessary to introduce material data (such as the yield point, Young's modulus, Poisson's ratio, temperature, material density, critical value -for example, J Ic integral) into the FRANC3D software.
Bending
Each series of specimens made of AlCu4Mg1 aluminium alloy was subjected to cyclic bending by the constant amplitude moment M a = 15.64 N⋅m (which corresponded to the nominal amplitude of normal stresses σ a = 104 MPa before the crack initiation) and different load ratio R = -1, -0.5, 0 (different mean bending moment M m = 0, 5.21, 15.64 N⋅m). The test results were shown as graphs of the crack length "a" versus the number of cycles N and crack growth rate da/dN versus the ΔJ parameter. ΔJ was compared with the ΔK stress intensity factor range. The theoretical stress concentration factor in the specimen K t = 4.29, was estimated with use of the model (Thum et al., 1960) . From the fatigue crack length "a" versus number of cycles N curves reported in Fig. 8 , it appears that after changing the load ratio R from -1 to 0, fatigue life decreases. The tests were conducted under constant amplitude loading for three different values M max . During the tests the lengths of fatigue cracks were measured and the current number of cycles was recorded. Basing on these measurements graphs were made "a" versus number of cycles N, which were used for calculating the fatigue crack growth rate. Graphs of the fatigue crack growth rate da/dN versus ΔJ parameter for the material tested under three load ratios R are shown on a binary logarithmic system in Fig. 9 . The test results presented in Fig. 9 were approximated with the empirical formula ( )
where ΔJ = J (Δσ) -range of J parameter, B and n -coefficients determined experimentally, R -load ratio, It has been observed that in Fig. 9 (graphs 1, 2, 3) , the change of the load ratio R from -1 to 0 is accompanied by an increase in the fatigue crack growth rate. From the graphs it appears Fig. 9 that influence of the loading mean value on the crack growth rate in the AlCu4Mg1 alloy is significant. For example, from Fig. 9 it appears that while changing the value of the load ratio from R = -1 to R = 0, a nine fold increase in fatigue crack growth rate has been noticed for ΔJ = 3⋅10 -3 MPa⋅m. The empirical coefficients B and n occurring in Eq. (8) were calculated with the least square method and they were shown in Table 4 . It means that B and n are not dependent on a kind of the material only. The test results for cyclic bending include the error not exceeding 20% at the significance level α = 0.05 for the correlation coefficients r w given in Table 4 . The correlation coefficients take high values in all the considered cases and it means that there is a significant correlation of the test results and the assumed empirical formula (8). Table 4 also contains coefficients of the multiple correlation r w applied in Eq. (8) and expressed by equation (Rozumek & Macha, 2006) 
where r 12 , r y1 , r y2 -coefficients of cross correlation. Table 4 . Coefficients B and n in Eq. (8) and correlation coefficients r w for the curves shown in Fig. 9 www.intechopen.com
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Calculating ΔJ parameter, we can find that there is a functional relation between the loading range, the elastic-plastic strain range, the crack tip opening displacement and the crack length. High values of correlation coefficients show that all these factors were approximately included. Above a certain value of ΔJ parameter, the fatigue crack growth rate increases rapidly without further increase of loading. Such behaviour is connected with an unstable crack growth rate in the final stage of specimen life. In this period the stress drop can be observed as plasticization increases. Application of the ΔJ parameter is reasonable in the case of elastic-plastic materials and those with yield stress. An analysis of correlation of ΔJ and ΔK parameters was carried out to show that the ΔJ parameter is more advisable than ΔK. Therefore the following equation was used:
where stress intensity factor range ΔK calculated from
stress range and σ = σ Δ 2 for R = -1, Y 1 -correction coefficient including finite of the specimen dimensions for mode I applied in Eq. (6). In the linearly-elastic range, the ΔJ* parameter calculated from Eq. (10) were compared with the results obtained from to tests. The relative error was below 5%. Figure 10 shows the relation between the parameters ΔJ* and ΔJ for three load ratios R. A good linear relation (in the double logarithmic system) between these two parameters in the case of the fatigue crack growth rate for the tested material was observed. In the AlCu4Mg1 alloy and bending, this occurs for ΔJ < 4⋅10 -3 MP⋅m (Fig. 10) . This means that in this test range under controlled loading, the parameter ΔJ plays a similar role to the parameter ΔK up to the moment when plastic strain occurs. When plastic strains increase, we can find an increasing difference between ΔJ* and ΔJ. The difference results from the fact that the parameter ΔJ* does not include plastic strains. At the final stage of specimen life, when ΔJ parameter approaches the critical value of J Ic , the crack growth rate increases rapidly (Fig. 10 , R = 0) and leads to the material failure. For example in Fig. 11 (AlCu4Mg1 aluminium alloy and R = 0) fatigue crack growth "a" versus the number of cycles N and ΔJ parameter versus the number of cycles N are shown in the linear system. In this figure we can observe fatigue crack growth since the beginning of the propagation until the specimen failure. In Fig. 11 the graph ΔJ versus N also shows that ΔJ parameter increases with the number of cycles until reaching 11000 cycles, then the graph stabilises (it becomes almost constant).
Bending with torsion
The chapter contains the fatigue crack growth test results obtained under proportional bending with torsion (Rozumek, 2009) . The tests were performed on a fatigue test stand MZGS-100 (Fig. 4a) , where the ratio of torsion moment to bending moment was M T (t)/M B (t) = tanα, where α = 30°, 45° and 60° (Fig. 4b) . Unilaterally restrained specimens were subjected to cyclic bending with torsion (mixed mode I+III) with the constant amplitude of moment M a = 7.92 N⋅m and load ratio R = M min / M max = -1, -0.5, 0 (for three different values M max = 7.92, 10.56, 15.84 N⋅m), which corresponded to the nominal amplitude of normal stresses σ a = 80.36, 65.63 and 46.41 MPa (σ max = K t σ a = 302. 15, 246.77, 174.50 MPa) and the nominal amplitude of shear stresses τ a = 37.18, 52.58 and 64.39 MPa before the crack initiation. The theoretical stress concentration factor in the specimen under bending K t = 3.76, was estimated with use of the model (Thum et al., 1960) . During experimental tests fatigue cracks lengths and angles α 1 (Fig. 12) were measured and number of cycles were registered. Next, on the basis of experimental results in the range of linear-elastic, the range of ΔK parameter was analytically calculated for mode I and mode III loading. Stresses and strains calculations in linear-elastic and elastic-plastic were made with use of numerical method (FRANC3D software). Measurement of the crack length were made on both sides of the specimens. At one side, the cracks were a little greater than at the other side. For calculations of the ΔJ parameters, greater cracks are assumed because they mainly influence the specimen failure. Also the stress fields are greater at one side of the specimen. During the tests on the observed reproducibility of the test specimens. Fig. 12 shows an example of the crack path under proportional bending with torsion for α = 45°. From Figs. 16 -21 it appears that the fatigue crack growth rate increases when we increase α from 30° to 60° and load ratio R from -1 to 0 in the AlCu4Mg1 aluminium alloy. Moreover (Figs. 16, 18, 20) , the fatigue crack growth rate is higher for mode III than for mode I for the same value of ΔJ and load ratio R = -0.5, 0. It was found that for R = -1 and α = 30° (Fig. 16 ) the crack growth rate was higher for mode III than for mode I in the case of the same value of ΔJ; for R = -1 and α = 60° (Fig. 20 ) a higher rate is observed for mode I. 
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For R = -1 and α = 45° (Fig. 18) , a higher crack growth rate was found for mode I to da/dN = 8⋅10 -8 m/cycle above that value mode III was dominating together with increase of the material plasticity. This behaviour is due to the decrease of normal stresses and increasing shear stresses. The test results presented in Figs. 16 -21 were described with the empirical formula (8). Eq. (8) 
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The applied empirical formula (8) including ΔJ parameter gives good results in the description of fatigue crack growth rate. Surfaces of fatigue fractures were analysed (magnification 13x) in order to determine directions of the normal stress (mode I) and the shear stress (mode III). In the cases of mixed mode I+III and α = 30°, 45° and 60°, principal directions of stresses change their positions. During tests under bending with torsion ( Fig.  12) and α = 30°, the fatigue crack growth proceeded at the average angle α 1 = 25°, and under α = 45° -at the angle α 1 = 33° -37°, and under α = 60° -at the angle α 1 = 40° -43° to the cross section of the specimens. The empirical coefficients B and n occurring in Eq. (8) were calculated with the least square method and they were shown in Table 5 . The coefficients take different values for pure bending and pure torsion. It means that B and n are not dependent on a kind of the material only. The test results for cyclic bending with torsion include the error not exceeding 20% at the significance level α = 0.05 for the correlation coefficients r w given in The test results indicate that the ΔJ parameter concept may be applied to fatigue problems in linear-elastic or nonlinear elastic-plastic fracture mechanics. The trends described in the chapter were confirmed for various loads and three load ratios. Because of its properties the ΔJ parameter may appear the main energetic criterion for fatigue crack growth characterizing the crack tip strain field for cyclic loading. Directions of future research will focus on fatigue cracks growth under non-proportional and random loads.
Conclusion
The presented results of the fatigue crack growth rate in AlCu4Mg1 aluminium alloy subjected to cyclic bending and proportional bending with torsion loading under different load ratio allow to formulate the following conclusions: 1. On the specimen fractures we can observe usually transcrystalline cracks through grains of the phase α, but also cracks along the grain boundaries can be noticed. 2. It has been shown that the applied parameter ΔJ as compared with the parameter ΔK for different load ratios R is better for description of fatigue crack growth rate. 3. Increase of the angle α determining a ratio of the torsional moment to the bending moment and load ratio causes increase of the fatigue crack growth rate. 4. In the case of separation of the mixed mode I+III loading into the pure mode I and mode III, for α = 30°, 45°, 60° and R = -0.5, 0 the fatigue crack growth rate is higher for mode III compared with mode I under the same value ΔJ.
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